Asbestos is a fibrous silicate with particular physical/chemical properties and tensile strength that makes it an ideal material for various construction and covering purposes. For this reason it was widely used for more than 100 years and is currently still used in some countries, despite the alarming reports about its toxicity and possible carcinogenicity[@b1]. Asbestos exposure has clearly been associated with development of pulmonary diseases including bronchogenic carcinoma, mesothelioma, pleural plaque and asbestosis (pulmonary fibrosis due to asbestos exposure). A very recent report of the International Agency for Research on Cancer (IARC) classifies all types of asbestos as carcinogenic to humans with sufficient evidence for different types of cancers[@b2].

While asbestos toxicity is undeniable, the exact pathogenic mechanisms and the precise co-factors by which asbestos fibres trigger pulmonary toxicity and neoplastic transformation have not been fully understood. Many groups are continuously reconsidering and researching the mechanisms relevant to asbestos\'s pathogenicity. These include generation of Fe derived free radicals and reactive nitrogen species, release of cytokines, as well as induced genotoxicity and alteration of immune responses. In addition, ionizing radiation and simian virus 40 (SV40) may play some roles specifically in the induction of mesothelioma[@b3][@b4][@b5][@b6][@b7].

Following decades of fibre toxicology studies, asbestos toxicity is considered a consequence of some characteristic physico-chemical properties of the material[@b8][@b9][@b10]. For fibres in general, the pathogenicity is described within a toxicology structure-activity paradigm, the main determinants being fibre length, diameter and bio-persistence[@b8]. For asbestos, specific chemical composition of the materials and surface properties should also to be considered as potentially affecting bio-persistence and thus carcinogenic effects[@b10].

The presence of transition metals in the fibres and/or the ability of the fibres to adsorb and accumulate them are the first mechanisms suggested for explaining the toxic and particularly carcinogenic effects of asbestos[@b11][@b12][@b13]. The presence of iron in the fibres (which may contain up to 30% of Fe w/w) and more importantly the intrinsic ability to attract it from the surrounding environment seems to be also a key factor for asbestos toxicity and for the formation in the lung of the asbestos bodies that are the hallmarks of asbestos exposure[@b5][@b14].

The formation of an asbestos body is an intriguing phenomenon that results in the deposition of endogenous iron, iron containing proteins (as ferritin), mucopolysaccharides and other material on bio-persistent fibres in the lungs. On one hand, it is believed that the shell that is formed isolates the fibre from the tissue and reduces its damaging effect. On the other hand, the locally altered homeostasis of iron produced by the reaction to asbestos fibres and body formation, together with the presence of a potentially reversible iron reservoir constituted by the iron-containing protein aggregates, is considered as responsible for an increase of iron mediated ROS production. This may trigger asbestos related diseases, with potential DNA damage and apoptosis resistance[@b5][@b14][@b15].

Not all asbestos fibres found in lung are coated (variable percentages of free fibres are observed by different techniques), however correlation between asbestos related diseases and the relative abundance of coated to uncoated fibres has not been demonstrated yet. Similarly, lung tissue burdens of asbestos fibres have long been used as an index of exposure, but the studies have not established correlations between this index and cancer development[@b16][@b17].

It is interesting that according to the most recent views, the central role of iron in asbestos toxicity and related diseases pathogenesis is consistent with a more general picture of a steadily growing number of diseases characterized by imbalance of the iron metabolism in cells and tissues. Concerning this issue, the recent reviews by D. Kell[@b18][@b19] analyse the wide but dispersed literature via a systems biology approach, and indicate that iron that is weakly complexed boosts many biochemical processes leading to a large variety of apparently unrelated diseases. Among the most prominent examples are Alzheimer\'s and Parkinson\'s diseases, metabolic syndrome, diabetes, atherosclerosis and even cancer. Understanding the mechanisms of iron participation in the aetiology of these pathologies may lead to novel therapeutic targets.

Iron in living cells is a trace element and has a crucial role, acting as a redox component of fundamental enzymes and proteins. However, the same divalent character of iron that plays an important biological role, may cause toxicity by sustaining oxidative stress conditions. Due to the presence of high-affinity iron binding and storage proteins, the actual toxicity of iron is restricted to the so called "labile iron pool". Chronic increase of such 'free' iron forms are associated with pathological conditions and possible complex homeostasis unbalance for this element in cells and tissues, relevant to asbestos toxicity and related diseases[@b18][@b19][@b20].

It is known that airway epithelial cells and alveolar macrophages in lung have an active iron metabolism. The airway epithelial cells, acting as the first line defence against environmental insults, including asbestos, may be efficient in reducing non-transferrin-bound iron, converting it to less toxic protein-bound iron[@b21][@b22]. However, the major lung defence is performed by one class of macrophages (alveolar macrophages) that, interacting and responding to various stresses, are capable of iron scavenging too, protecting lung tissue against oxidative damage[@b23][@b24][@b25]. These macrophages are also involved in the pathogenesis of asbestosis and cancer[@b5][@b25][@b26]. During inflammation, iron efflux from alveolar macrophages may be induced via several mechanisms. The paths involved in the overall iron mobilization and utilization by alveolar macrophages as well as epithelial cells are largely unknown. One of the reasons is the limited performance of specific conventional histological staining procedures used for such investigations.

Little is also known about the cellular structures that are involved in transient storing of iron and the real fate and chemical reactivity of metal ions under normal and pathological conditions.

An important initial step towards unravelling all these issues is the identification and localization of the metal in native physiological environments in tissues and cells. In this respect synchrotron-based X-ray microscopy approaches are becoming very desirable tools providing correlated morphology and chemical information of the specimen. The combination of X-ray imaging with X-ray Fluorescence microscopy (μ-XRF) allows monitoring of the distribution of elements in tissue samples without artefacts[@b27][@b28], as demonstrated in our recent study of asbestos bodies[@b29]. In this first study we also revealed the contribution of magnesium to the asbestos body formation, which appears to be related to the presence of iron as well.

The present study further explores the chemistry of tissue reaction to the presence of asbestos by primarily using a medium energy XRF microscopy set-up which allowed us to investigate and resolve at high spatial resolution the presence of iron and other biologically relevant elements in the lungs of asbestos exposed patients. Correlative analyses for light elements were performed on the same samples under a low energy X-ray microscopy set-up. In addition, we report X-ray absorption near edge spectroscopy (XANES) analyses, which for the first time show the speciation of iron in the asbestos bodies.

Results
=======

Histological analyses and iron detection by Perls\' staining
------------------------------------------------------------

The enrolled patients had medium to high content of asbestos bodies in their pulmonary parenchyma according to asbestos bodies counts performed on digested lung tissue (as reported in [Table 1](#t1){ref-type="table"}). Despite the differences in the estimated fibre content or the presence of concurrent malignancies (cancer or mesothelioma), we selected for the present analyses comparable lung tissue sections (avoiding malignancies), having the specific histological features of asbestosis and clearly recognizable asbestos bodies. In the selected tissue slices (at least 2 per patient, more than 30 in total), the examined asbestos bodies were of various dimensions and shapes. Some of them were isolated or grouped inside dense interstitial fibrosis deposition material, others were surrounded and/or interacting with macrophages and giant cells. The histological appearance of asbestos bodies are in line with those reported by many other authors[@b30][@b31] and no apparent differences were observed between the samples from mesothelioma patients and the others.

Panels (a) and (b) in [Figure 1](#f1){ref-type="fig"} show the appearances of some isolated asbestos bodies and examples of fibres phagocyted by alveolar macrophages, as obtained by histological routine analyses with hematoxyl in and eosin staining.

In order to investigate the presence and distribution of non-heme Fe (ferric) in the tissues, Perls\' staining was performed on the different sample tissues, and in all analysed tissues most of the asbestos bodies and also the frequent sideromacrophages appeared positive (blue colour). In [Figure 1](#f1){ref-type="fig"} (Panel c) iron staining is revealed inside macrophages exhibiting phagocytosis of fibres, while the dye does not colour free fibres (panel d), suggesting that the iron in the fibre does not react with this dye. The Perls\' positive staining in the tissues was maximal in the regions with high levels of inflammation.

The asbestos containing regions selected for X-ray microscopy studies had increased presence of macrophages and lymphocytes, in accordance with the inflammatory conditions of the patients.

Elemental mapping with XRF microscopy
-------------------------------------

In order to access both the lateral distribution of light and some heavy elements in the tissue samples, we performed the experiments using soft X-rays (up to 2200 eV) and hard X-rays (up to 7.3 keV). In particular the hard X-rays were required for mapping Ca, S and P, whereas soft X-ray microscopy provided higher quality absorption and phase contrast images.

During two different beamtimes at ID21 (ESRF) and four at TwinMic (Elettra) we analysed about 20 tissue slices, obtaining elemental maps for about thirty asbestos bodies. Although in each sample different types of fibres and asbestos bodies can be present we did not find characteristic features related to the specific patient diagnosis. In particular we did not find any chemical difference in the maps from the asbestos bodies and the surrounding tissue in samples obtained from mesothelioma patients. Here we report selected images that show the characteristic chemical content in the samples, containing typical asbestos bodies.

[Figure 2](#f2){ref-type="fig"} reports the light microscopy image (a), X-ray absorption image (b) and the corresponding XRF elemental maps of a tissue section from a patient with asbestosis (A1 from [Table 1](#t1){ref-type="table"}). The asbestos body is simply identified by light microscopy (panel a), while the X-ray absorption image in panel (b) allows better definition of the features of the body. The XRF elemental maps clearly distinguish the original silicate fibre (\~60 μm length) (Si map), which is the core of the segmented body that has developed around it. The coating is best represented by the P and Fe maps. Due to the extremely high abundance of Fe in the asbestos coating, the Fe signal is reported also on a logarithmic scale in order to highlight its presence in the surroundings as well. In fact, the Fe log map clearly shows accumulation of Fe in the vicinity of the asbestos bodies both as diffuse signal and as bright spots organised in a manner resembling intracellular vesicles or siderosomes. The panel above the Fe map shows the intensity profiles taken across the dashed lines in the Fe log image, where one can see the dimensions and relative Fe content in the body and in the region up to \~15--20 μm around the body, where the bright features are believed to be vesicles. In fact, there is fair correspondence between the lateral organization of these small bright features in the Fe log map and the features that can be attributed to cells in the P and S maps. Sulfur seems to be a good marker of cell substance and possibly useful to delineate cytoplasmic borders when compared to the phosphorus signal. By close inspection of the distribution profile and intensity levels, it seems that one can identify in the P map the cell nuclei where the content of this element is high. When merging the P, Si and Fe maps (P-Fe-Si) or P, Si and S maps (P-Si-S), it appears that both the majority of iron diffuse signal and the vesicular spots, are mainly related to the presence of macrophage-like cells, and especially the distribution of sulfur and phosphorus located in the proximity of the asbestos body supports this interpretation. The calcium distribution (Ca) seems to correlate with cell and tissue architecture but it is much more abundant in the coating of the asbestos body.

[Figure 3](#f3){ref-type="fig"} shows the results of a tissue section from another patient with asbestosis (A3 from [Table 1](#t1){ref-type="table"}), containing uncoated fibres or fibres with a very thin coat. This fibre types are not easily visible and are difficult to detect using routine and conventional microscopy. Their presence in tissues is mainly monitored during asbestos body extraction procedures or using TEM microscopy. Both the thin fibres (not visible under light microscopy) and the thin bodies are clearly distinguished in the soft X-ray absorption (a) and phase contrast (b) images. The Fe map (logarithmic scale) also reveals many fibres of various dimensions that apparently contain the element or, very likely, have adsorbed it forming a very thin coating. In addition, there is a detectable increase of iron concentration around the fibres and the bodies, where some brighter features suggest also the presence of small vesicles or aggregates. In this sample there is an abundance of phosphorus in the asbestos bodies, similarly to [Figure 2](#f2){ref-type="fig"}, but the distributions of sulfur and phosphorus (panels S and P) do not allow recognition of specific cell structures. The calcium distribution (Ca) shows high concentrations only in the formed asbestos bodies, while apparently there is no Ca increase around the thin 'naked' fibres. Further complementary XRF investigations highlight the distribution of silicon and magnesium in some selected regions (areas C and D, panel a) of the map (panels Mg_1, Si_1, Mg_2, Si_2 respectively). The Mg_1 map confirms the presence of magnesium inside or on top of the fibres (panels Si_1 and area C), suggesting aggregation of a thin layer similar to but less uniform than that of iron (Fe_1). The Si_2 map clearly shows the asbestos fibres (not visible in the absorption image of Panel d); some of them are not visible in the Fe map, which is in accordance with the different Fe content in different types of asbestos. Magnesium (Mg_2) is mostly concentrated in the strongly coated segments, its distribution being similar but not identical to that of Fe.

[Figure 4](#f4){ref-type="fig"} illustrates different steps of iron aggregation around the original fibre of an asbestos body present in the lung tissue of a patient with asbestosis and mesothelioma (M1 in [Table 1](#t1){ref-type="table"}). The tissue response to the low iron containing asbestos fibre (panels Si and Fe) is the formation of a segmented asbestos body with high Fe, Ca and Mg content. Both calcium and magnesium appear marginally present in the original fibre. More detailed information about the presence and relative concentrations of the elements in different locations is obtained from the XRF spectra measured in selected spots, indicated in Panel (a). The relative intensities of Si, Mg, Fe and O indicate that points A and B represent the composition of an almost bare fibre, point C and D possibly early stages of body formation or simply a very thin coating and point E the fully developed body segments. It should be noted that the segmented structure assumes that the growth of coating bodies is much faster in specific fibre locations, which should have some structural and/or composition characteristics resulting in enhanced local reactivity with the tissue. An interesting result is that the thin coated fibre segments (point D) have a high magnesium content, despite modest iron aggregation, similarly to the poorly coated fibres in [Figure 3](#f3){ref-type="fig"}. The O signal is localised together with Fe, Mg and Si, indicating that these elements are present in oxide forms.

[Figure 5](#f5){ref-type="fig"} (patient A5 in [table 1](#t1){ref-type="table"}) reports a case of an asbestos fibre, apparently phagocyted by two macrophages as revealed by X-ray microscopy and XRF elemental mapping. This is an example of incomplete phagocytosis, where two cells are unable to isolate completely the fibre. The phase contrast (panel b) and absorption (panel a) images show a broken fibre with the classical dumbbell-shaped high absorbing extremities. The exact morphology of the original fibre is revealed by the Si map (panel Si). The dark features in the absorption image are due mainly to the presence of strongly absorbing iron (panel Fe), while brighter features outline the cellular borders. The iron intensity is reported both on linear and logarithmic scales to illustrate better the quantitative ranges. The linear scale image reveals a very high iron concentration at the extremities of the body, an apparently substantial concentration in the original fibre and a continuous, multilayer aggregation around it. As better seen with the logarithmic scale (panel Fe log), iron appears abundantly distributed just above the body, clearly delineating cellular contents (diffuse signal) and some intense intracellular or extracellular vesicle-like structures (1--5 μm). Sulfur and phosphorus maps allow us to distinguish the dimensions and the poly nuclei of the macrophages, during phagocytosis as well as other tissue structures. From these results, while the presence of iron cannot be assigned with certainty to the original fibre, calcium and magnesium appear almost absent in the fibre. Both calcium and magnesium tend to localize together with phosphate in the asbestos coating, but their distributions are not identical, e.g. magnesium is more abundant in the extracellular segments. It is also interesting that the phosphorus intensity in the coating (panel P) is comparable with that of the cell nuclei, and even much higher at the extremities suggesting the maximal calcification there.

In [Figure 6](#f6){ref-type="fig"} we report an example of relative quantitative distribution in some selected areas of the bodies reported in [Figures 2](#f2){ref-type="fig"}, [4](#f4){ref-type="fig"} and [5](#f5){ref-type="fig"}. Due to the difficulty of preparing suitable reference standards for absolute quantification in samples with inhomogeneous density (strong absorbing asbestos bodies in organic matter) we compared the Fe, P and Ca content of the selected regions (1 μm^2^ areas) with that of a blood vessel section in an asbestos free area. The estimations in the table of [Figure 6](#f6){ref-type="fig"} are reported in terms of multiples of signal increase *vs.* the average content of four blood vessel areas (1 μm^2^ each) with a maximal iron content (see panel Fe in [figure S1](#s1){ref-type="supplementary-material"}). The semiquantitative results were obtained by using the Fundamental Parameter Method provided by PyMCA software[@b32]. This approach allowed us to highlight the extremely high content of iron on asbestos bodies (up to 400 times that of the vessel) accompanied by a sensible increase of P and Ca as well. In addition, in close proximity of the bodies and surrounding structures we detected iron values all higher than those in the vessel.

X-ray absorption near edge spectroscopy (XANES)
-----------------------------------------------

The oxidation state of Fe provides important information on the processes involved in the asbestos body formation, and has been obtained from Fe K-edge XANES, measured in selected \~1 μm^2^ spots from the Fe maps. Although this technique allows elemental oxidation states to be probed with high spatial resolution, in the case of asbestos bodies and tissues, only sufficiently wide and flat bodies can be successfully analysed, at the limit of the micro-beam stability during energy scans. The signal was not sufficient to obtain reliable microspot spectra from the regions with low Fe content surrounding the asbestos body. The measured spectra were deconvoluted using spectral standards for ferritin, haematite, crocidolite fibres, magnetite, metallic iron and fayalite. The representative Fe K-edge spectrum shown in [Figure 7](#f7){ref-type="fig"} is apparently dominated by features characteristic for ferritin (ferrihydrite containing protein) and smaller amounts of haematite and crocidolite. This confirms that most of the iron detected around asbestos fibres (coating and ferruginous bodies) is compatible with the presence of ferritin and the Fe^3+^ oxidation state of iron. The micro-XANES spectra collected from different asbestos bodies in different samples exhibit an average composition of 71% ferritin (ferrihydrite), 16% haematite, 12% crocidolite and 1% metallic iron. Other forms of iron were not detected in the measured spectra.

Discussion
==========

For the present work we selected ten patients out of a cohort of 200 subjects exposed to asbestos (from the same shipyard area) in order to provide an appropriate representative sampling for studying the chemistry of asbestos body formation and fibre effects in the lung. The data presented show for the first time different aspects of the iron concentration, distribution and speciation in diseased human lungs after asbestos exposure, that cannot be observed using conventional techniques[@b5][@b33] ([Figure 1](#f1){ref-type="fig"}). Due to the unique sensitivity of synchrotron μ−XRF we obtained elemental maps which clearly demonstrate that long-lasting asbestos fibres and bodies cause large mobilization of iron into the surrounding cells (mainly alveolar macrophages) and in the tissue, partially consequent to continuous iron adsorption onto the fibres and/or asbestos body degradation and metal release.

As demonstrated by [Figures 2](#f2){ref-type="fig"}, [4](#f4){ref-type="fig"} and [5](#f5){ref-type="fig"}, the XRF elemental mapping allows clear identification of asbestos fibre and asbestos body shape, determined from Si and Fe distributions respectively, while phosphorus and sulfur signals can be used to recognise cell morphologies in unstained histological sections. Indeed, the S and P distributions measured by XRF have already been used as indicators of cellular components, in cell samples[@b34] and, with a similar technique (PIXE) but at lower lateral resolution, also in human lung tissue sections[@b35]. In our study the spatial resolution provided, confirms that probing the distribution of these two elements can be employed for investigating in detail the cellular mechanism in unstained tissues. In our study we successfully traced the presence of iron in some alveolar macrophages, in the vicinity of asbestos bodies and the fibre phagocyting cells ([Figures 2](#f2){ref-type="fig"} and [5](#f5){ref-type="fig"}). While the results in [Figure 5](#f5){ref-type="fig"} clearly show the phagocytosis of a fibre, with alteration of iron concentration in the cells, [Figure 2](#f2){ref-type="fig"} suggests that the well developed asbestos bodies are not necessarily inert structures but continue to inflame the tissue (many macrophages present). Indeed, previous studies[@b15][@b20] have also suggested that asbestos causes an increase of ferritin in alveolar macrophages and in the tissue, but here we provide substantial qualitative and quantitative information to help understand the complex body formation mechanism. [Figure 2](#f2){ref-type="fig"} reveals the presence of micro- and nano-aggregates (vesicles) with relatively high Fe content in the proximity of the asbestos body. From the measured Fe signal one can estimate the relative Fe content in the body, vesicles and the near-by regions as being up to 1000 times higher than the Fe content in non-affected tissue. A more quantitative comparison is available in [Figure 6](#f6){ref-type="fig"} where the relative Fe content is shown for different areas in the samples. The higher Fe content in the zone near the asbestos can be ascribed to two possible scenarios: furthering of processes that result in an increased deposit of Fe-containing species around the body or release of some iron species from the body and fibre due to possible degradation processes. In fact, deposition of Fe-containing species around the original fibres is evidently a multistep phenomenon. [Figure 4](#f4){ref-type="fig"} indicates that probably the particular physico-chemical characteristics of original asbestos fibres determine whether thin or thick deposits will be formed. In fact, even the apparent 'uncoated' fibres ([Figure 3](#f3){ref-type="fig"}) alter iron homeostasis of the lung tissue and most likely they are covered with very thin deposits. The observation of nanoformations and microaggregates is an intriguing result for such a scenario, inviting further investigations of and speculations on the biological role of such iron structures. As already supposed and reported in some studies[@b33][@b36], other chemical elements participate to the formation of asbestos bodies as well. The high amount of phosphorus, calcium and magnesium in the fibre casing, compared to their content in the cells, is evidenced by the corresponding XRF maps, which suggests that calcification is occurring along with iron (ferritin) deposition. Calcification seems to be a consequence of phagocytosis ([Figure 5](#f5){ref-type="fig"}), while calcium looks weakly attracted by the thin coated fibre regions ([Figure 3](#f3){ref-type="fig"} and [4](#f4){ref-type="fig"}). We previously demonstrated the presence of magnesium in asbestos bodies, suggesting that Mg plays a role in determining irreversible calcifications[@b29]. Interestingly here we found that magnesium is also present around the fibres and segments with very thin coatings, possibly interacting with iron species and their transporters. In our opinion the first steps of interaction of the asbestos fibres with tissues involve attraction of iron-containing species combined or followed by magnesium aggregation, in fair agreement with some featured results in [Figure 4](#f4){ref-type="fig"} (points C and D) and the results for the fibres with very thin deposits in [Figure 3](#f3){ref-type="fig"}. In the following stages the bio-mineralization process continues possibly inside the macrophages, involving ferritin together with phosphate, calcium and magnesium.

Undoubtedly, further details about the chemical nature of iron containing bodies and aggregates will contribute to understanding their pathogenic significance (as for aggregates in neurodegenerative diseases)[@b37] and, in addition, to potentially discriminate the fate of iron containing fibres from iron-free asbestos. In this respect, the XANES analyses on a significant number of asbestos bodies from different patients allowed us to detect and quantify the relative concentration of crocidolite material in some asbestos bodies, demonstrating the potential of XANES in investigating asbestos and its effects in tissues and for forensic research as well. More importantly, our data indicate that the iron in the asbestos bodies is prevalently trivalent (Fe^3+^) and, as expected, corresponds to ferritin standards, thus being in the mineral form of ferrihydrite. While revealing only a minimal concentration of metallic iron, the novelty here resides in the detection of a significant and variable percentage of haematite in the bodies. In fact, a recent work[@b38] has already reported the detection of haematite in asbestos bodies by Raman spectroscopy, however explaining the result as a mere artefact and the outcome of irradiation and thermal transformation of asbestos body ferritin. Since such beam-dependent transformation is unlikely in our study, we suppose that the detected haematite is a result of ferrihydrite (from ferritin) transformation occurring during the long residence time in the asbestos coating. This hypothesis is in agreement with the recent detection of haematite in other diseases, characterized by ferritin and hemosiderin anomalous accumulation[@b39][@b40] and with the recent observations of structural and magnetic changes during the transformation of ferrihydrite into haematite produced by aging[@b41].

Methods
=======

Patients, histological sample preparation, asbestos body count
--------------------------------------------------------------

From a cohort of more than 200 former shipyard workers exposed to asbestos and died for asbestos-related diseases, autopsied at the Unit of Pathology of the St. Polo Hospital of Monfalcone (Italy) we selected ten patients, considered representative of the group according to the following characteristics: work place and nature, exposure to asbestos, type of disease clinically monitored and verified by autoptic examination. The demographic description of the ten patients is reported in [Table 1](#t1){ref-type="table"}.

The study was approved by the ethics boards of the Medical Faculty of the University of Trieste and of the Monfalcone Hospital (Italy). Human samples consisted of tissues discarded after forensic autopsy, and were retrieved with the approval of the institution. Samples were anonymous at the date of the study, namely, while clinical diagnosis was recorded, it was impossible to retrieve personal information of the patients. Histological examination of the samples and histological diagnosis of asbestos-related disease, namely asbestosis, lung cancer or mesothelioma was carried out at the St. Polo Hospital of Monfalcone by some of the authors, who are pathologists experienced in asbestos-related pathology. Histological diagnosis and grading of asbestosis was established according to the Roggli-Pratt modification of the CAP-NIOSH system as recommended by the Helsinki criteria[@b42], which require the identification of diffuse interstitial fibrosis plus the presence of either two or more asbestos bodies in tissue with a section area of 1 cm^2^ or a count of uncoated asbestos fibres falling into the range recorded for asbestosis by the laboratory. All selected patients were affected by pulmonary asbestosis, one had also lung cancer, while four had also pleural mesothelioma ([Table 1](#t1){ref-type="table"}). The asbestos body identification was performed by light microscopy (Leica Microsystems, Germany) on 3 μm thick sections from paraffin-embedded samples of non-neoplastic lung tissue both unstained and stained with hematoxylin and eosin according to the standard protocol. For each patient at least two sections positive for the presence of asbestos were considered for XRF and Perls\' analyses. For X-ray imaging and XRF analyses, 5 μm thick sections were cut from the selected tissue regions, mounted on ultralene foils (4 μm thick) and air-dried, as previously described[@b29].

The extraction and count of the asbestos bodies were performed using a routine method[@b43] with some modifications as previously reported[@b29]. Briefly, for each preparation two samples (1--2 g) were excised from the basal side of the right lung lobe, avoiding tumoral lesions, and were rapidly fixed in formalin 10%. One sample was used for asbestos extraction and the other one for calculating the wet on dry weight ratio after a dehydrating procedure at 40°C for 24 hrs. For the extraction, the sample was ground, placed in sodium hypochlorite (20%) and left to digest at 40°C for 24 hrs. The sediment was recovered, re-suspended in chloroform and ethanol (50%) (1:1) and centrifuged at 800 rpm for 10 min. The supernatant liquid was aspirated, leaving about 1 ml of liquid covering the pellet that was then re-suspended with ethanol and subsequently washed several times with water. The final residue was used for counting, after vacuum filtering through a nitrocellulose membrane (White SM/WP 5 μm, 19 mm, Millipore, Milan, Italy), using a phase contrast optical microscope (40×). Counts are reported as number of bodies per gram of dry tissue. The counts for the two tissues in this study ranged from 10 × 10^3^ to 400 × 10^3^ bodies per gram (dry tissue).

Histological examination and Perls\' staining
---------------------------------------------

For the histological analysis 3--5 μm sections of the paraffin-embedded lung tissue were mounted on glass slices and air-dried. Samples were deparaffinized and then stained with hematoxylin and eosin according to the standard procedure, or using Perls\' staining. This is characterized by a potassium ferrocyanide solution, followed by a counterstaining with neutral red. Finally, samples were analysed using a Leica Microscope (LeicaMicrosystems GmbH, Germany). Chemicals were purchased from Sigma-Aldrich.

X-ray micro-spectroscopy at ID21
--------------------------------

The XRF and XANES analyses using harder X-rays were carried out at the ID 21 beamline at the European Synchrotron Radiation Facility (ESRF, Grenoble, France), with the setup previously described[@b44][@b45]. The rejection of unwanted beam harmonics was ensured by a Ni coated silicon double mirror deflecting in the horizontal plane. A Si(111) fixed exit double crystal monochromator (Kohzu, Japan) was used to select and scan the beam energy. The 7.3 keV monochromatic X-ray beam was focused onto the sample using a Fresnel zone plate (Zone Plate Ltd, UK). The spot size was 0.2 μm × 1 μm with a photon flux of 3.5 × 10^9^ photon/s/Si(111) band width. The sample was mounted on a custom x-y-z stage, tilted by 30° from the optical axis, facing a fluorescence detector placed 3.5 cm from the sample. This detector was a silicon drift diode (Bruker, Germany) with 80 mm^2^ active surface equipped with a low energy polymer window. The incident beam intensity was monitored upstream of the sample using a drilled photodiode collecting the fluorescence signal from a thin Ti coated Si~3~N~4~ membrane inserted in the beam path. A transmission silicon photodiode was placed downstream of the sample and allowed the collection of absorption images, whilst simultaneously collecting the fluorescence signal. Images were acquired by raster scanning the samples under the beam, with a step size from 0.25 to 0.5 μm. The acquisition time was typically 300 ms/pixel. Deconvolution of the fluorescence elemental maps was performed using PyMCA software[@b32].

For micro-XANES measurements, the X-ray beam energy was scanned between 7.08 and 7.3 keV with 0.2 eV energy steps. Each XANES spectrum was acquired as the sum of ten quick scans with 100 ms integration time per point, for a total integration time of 1 s per point, to monitor possible photo-reduction effects linked to the beam. No modification of the XANES spectra with exposure time was observed. Energy calibration was performed using a Fe metal foil, whose K-edge was found at 7125.1 eV. XANES spectra of reference compounds (ferritin, haematite, magnetite, crocidolite fibres and fayalite) were collected to allow identification of the phases present in the sample by linear combination fitting. The spectra were base line subtracted and normalized to unity prior to fitting.

Soft X-ray microscopy and XRF at TwinMic
----------------------------------------

The absorption and differential phase contrast images and the XRF maps were acquired at the TwinMic beamline at the Elettra synchrotron facility in Trieste (Italy). The TwinMic station was operated in scanning X-ray microscopy mode (SXM)[@b46][@b47] where the beam is focused on the sample by zone plate diffractive optics providing sub-micron spatial resolution. The X-ray absorption and phase contrast images outline the morphological features of the sample at sub-micrometer length scales, whereas the simultaneous acquisition of the XRF maps[@b48][@b49] correlates the elemental distribution to the morphology. For the present experiments we selected X-ray energies to excite and get optimal emission conditions for the elements of major interest, namely Fe, Si and Mg and other lighter elements, in particular O, relevant to the formation mechanisms of the asbestos body. The images were acquired by raster-scanning the samples across the beam, with a spot size ranging from of 100 to 500 nm. The LEXRF dwell time varied between 2 and 20 seconds. The sample was mounted on an x-y-z stage (with the incoming beam perpendicular to the sample surface) facing 8 Silicon Drift Detectors placed 2 cm from the sample, with a total active area of 240 mm^2^ [@b31].

The elemental distribution was obtained by processing and deconvoluting the XRF spectra with the PyMCA software[@b32].
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![Histological examination of human lung tissue with asbestos bodies.\
Panel (a) and (b) are microphotographs from the histological sections used for the study, stained by hematoxilin and eosin. Diffuse fibrosis and asbestos bodies (black arrows) are evident. In panel (b) there are sparse macrophages (blue arrows) and an asbestos fibre is phagocytated by two macrophages (black arrow). Panel (c) and (d) show tissue sections colored with Perls\' staining and positive staining of asbestos bodies (black arrows). Uncoated fibre parts are not stained (blue arrows). In (a), (b), (d) magnification is 40×, while in (c) is 60×.](srep01123-f1){#f1}

![μXRF and X-ray microscopy of tissue section containing asbestos.\
Visible light image of the unstained tissue section (a), 80 × 50 μm^2^ X-ray microscopy absorption image (b) and the corresponding Si, Ca, P, S, Fe and co-localisation (P-Si-S and P-Fe-Si) XRF maps (62 × 38 μm^2^) showing the distribution of different elements in a tissue section containing asbestos. The panels above the Fe map illustrate the Fe intensity profiles measured across lines indicated in the image. The absorption image was measured at the TwinMic beam line with photon energy 0.9 keV, whereas the XRF maps were acquired at ID21 beamline at 7.3 keV.](srep01123-f2){#f2}

![μXRF and X-ray microscopy of tissue section containing uncoated asbestos fibres.\
65 × 80 μm^2^ X-ray microscopy absorption (a) and phase contrast (b) images and the corresponding XRF Ca, P, S, Si (45 × 60 μm^2^) and Fe (65 × 80 μm^2^) maps of a tissue section containing asbestos. These XRF maps were acquired at ID21 at 7.3 keV. The parallax mismatch between the images collected at the TwinMic beamline (absorption, phase contrast) and the ones acquired at the ID21 beamline (Fe, Ca and S) is due to the different geometrical set up of the two systems. In the TwinMic microscope the incoming beam hits the sample perpendicularly while at the ID21 beamline the sample is tilted of 30 degrees with respect to the incident X-ray beam. The 18 × 30 μm^2^ XRF maps Si_1 and Mg_1 and Fe_1 corresponding to area C (panel c), indicated in panel (a), and 30 × 30 μm^2^ Si_2 and Mg_2 corresponding to area D (panel d) were acquired with 1.9 keV at TwinMic.](srep01123-f3){#f3}

![Ferruginous body of an iron free asbestos fibre.\
30 × 65 μm^2^ X-ray microscopy absorption (a) and phase contrast (b) images and the corresponding XRF Fe, Si, Ca (26 × 68 μm^2^) O and Mg (30 × 45 μm^2^) XRF maps of a ferruginous body developed on an iron-free asbestos fibre. The XRF spectra panel outlines the relative intensities of O, Fe and Mg in the spots indicated in panel A. The X-ray images, Mg and O maps and the XRF spectra were acquired with 1.5 keV photon energy, whereas the Fe, Si and Ca were taken at 7.3 keV. As in [Figure 3](#f3){ref-type="fig"}, parallax mismatch must be considered between images collected at the TwinMic beamline (absorption, phase contrast, O and Mg maps) and those at the ID21.](srep01123-f4){#f4}

![Tissue with phagocytated asbestos fibre.\
80 × 20 μm^2^ X-ray microscopy absorption (a) and phase contrast (b) images and the corresponding XRF Fe, Si, P, S Ca (84 × 22 μm^2^) and Mg (62 × 20 μm^2^) XRF maps of a tissue with phagocytated asbestos fibre. Fe log is displayed using a logarithmic scale and Fe using a linear scale. The P-Ca-Si co-localization is illustrated below right. All images were acquired at 7.3 keV except the Mg map which was acquired at 1.5 keV. As in previous figures, parallax mismatch must be considered between images acquired at the TwinMic beamline (absorption, phase contrast and Mg map) and those at the ID21 beamline.](srep01123-f5){#f5}

![XRF semi-quantitative analyses of Fe, P and Ca content in asbestos bodies and tissues.\
The table reports the comparative evaluation of Fe, P and Ca in the specific areas indicated in the Fe maps of [Figure 2](#f2){ref-type="fig"}, [4](#f4){ref-type="fig"} and [5](#f5){ref-type="fig"} (right bottom panels). The values are indicated in terms of multiples of signal increase *vs.* the average content of four blood vessel areas (all normalized to 1 μm^2^) marked in [figure S1](#s1){ref-type="supplementary-material"}, panel Fe. The bottom left graph shows the relative amount of Fe, Ca and P in the ten selected areas (as reported in the top table).](srep01123-f6){#f6}

![Micro-XANES analyses on asbestos bodies.\
An example of a deconvoluted micro-XANES spectrum of an asbestos body measured with a microprobe of 1 μm^2^.](srep01123-f7){#f7}

###### Patient description

  Patients    Age   Sex           Occupation history           Asbestos body count                      Pathological Diagnosis
  ---------- ----- ----- ------------------------------------ --------------------- --------------------------------------------------------------
  A1          75     M    Naval shipyard worker (Monfalcone)        1,209,375                           Asbestosis (grade \>2)
  A2          77     M    Naval shipyard worker (Monfalcone)         25,600                              Asbestosis (grade 2)
  A3          93     M    Naval shipyard worker (Monfalcone)          1,400                              Asbestosis (grade 2)
  A4          74     M    Naval shipyard worker (Monfalcone)          2,700                              Asbestosis (grade 2)
  A5          83     M    Naval shipyard worker (Monfalcone)         557,685         Asbestosis (grade 2), peritoneal and pericardial mesotelioma
  C1          71     M    Naval shipyard worker (Monfalcone)         108,000                      Asbestosis (grade 2), lung cancer
  M1          81     M    Naval shipyard worker (Monfalcone)         950,000               Epithelioid mesothelioma, asbestosis (grade \>2)
  M2          70     M    Naval shipyard worker (Monfalcone)         51,635                 Epithelioid mesothelioma, asbestosis (grade 2)
  M3          87     F    Naval shipyard worker (Monfalcone)          1,140                 Epithelioid mesothelioma, asbestosis (grade 1)
  M4          85     M    Naval shipyard worker (Monfalcone)         22,453                   Biphasic mesothelioma, asbestosis(garde 2)
